Ultrafast Spectroscopy of Mid-Infrared Internal Exciton Transitions of 
Separated Single- Walled Carbon Nanotubes 
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We report a femtosecond mid-infrared study of the broadband low-energy response of individu- 
ally separated (6,5) and (7,5) single-walled carbon nanotubes. Strong photoinduced absorption is 
observed around 200 meV, whose transition energy, oscillator strength, resonant chirality enhance- 
ment and dynamics manifest the observation of quasi-lD intra-excitonic transitions. A model of 
the nanotube \s-2p cross section agrees well with the signal amplitudes. Our study further reveals 
saturation of the photoinduced absorption with increasing phase-space filling of the correlated e-h 
pairs. 

PACS numbers: 78.47.-p, 78.47.J-, 78.30.Na, 78.67.Ch, 73.22.-f 
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The quasi-lD confinement of photoexcited charges in 
single-walled carbon nanotubes (SWNTs) gives rise to 
strongly enhanced Coulomb interactions and large exci- 
ton binding energies on the 100 meV energy scale. These 
amplified electron- hole (e-h) correlations are a key as- 
pect of nanotube physics [1|. With the availability of 
individually separated SWNT ensembles, this strong ex- 
citonic behavior was confirmed by interband absorption- 
luminescence maps [2j, two-photon excited luminescence 
[H, |3] , and ultrafast spectroscopy [f| . Optical interband 
probes, however, are limited by symmetry and momen- 
tum to detect only a small subset of excitons. 

As illustrated in Fig. QJa) in a two-particle scheme, 
SWNT excitons are characterized by a center-of-mass 
momentum K and by an internal quantum state (des- 
ignated here as Is, 2 s, 2p, ...) that accounts for the rel- 
ative charge motion. Each state splits into even (g) and 
odd (u) parity levels corresponding to different superpo- 
sitions of the cell-periodic wavefunctions of the underly- 
ing graphene lattice [1] . This entails a series of optically 
"dark" excitons, including the ls-(g) lowest-energy exci- 
ton that lacks coupling in both single- and two-photon 
interband spectroscopy d, 0| ■ Splitting into singlet and 
triplet spin states additionally restricts interband optical 
coupling 0] . Finally, interband transitions are limited to 
excitons around K « due to momentum conservation. 

Intra-excitonic transitions between low-energy levels of 
excitons with the same cell-periodic symmetry [arrows, 
Fig. HJa)] represent a fundamentally different tool, anal- 
ogous to atomic absorption spectroscopy. In contrast to 
interband absorption that measures the ability to gen- 
erate e-h pairs, intra-excitonic absorption detects exist- 
ing excitons via transitions from the Is ground state to 
higher relative-momentum states @, HI ■ Being indepen- 
dent of K, it is sensitive to genuine exciton populations 
across momentum space. As the cell-periodic component 
of the wavefunction remains unchanged, intra-excitonic 



absorption is also unrestricted by the exciton ground 
state symmetry [3]. Applied to individualized SWNTs, 
intra-excitonic resonances can thus measure both bright 
and dark excitons and should occur in the mid-infrared 
(mid-IR) after ultrafast excitation. In contrast to exten- 
sive interband nanotube studies [jj-fl2j]. only a few ultra- 
fast intra-band experiments have been carried out which 
focus largely on nanotube bundles 13-13]. THz exper- 
iments on photoexcited bundled tubes revealed a non- 
Drude response attributed to small-gap metallic tubes or 
inter-tube charge separation LJ, [lj] . Mid-IR transient 
absorption was also observed in bundled nanotubes and 
assigned to^transitions from allowed to dipole-forbidden 
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excitons 

In this Letter, we report ultrafast optical-pump, mid- 
IR-probe studies of individually separated (6,5) and (7,5) 
SWNTs. Transient spectra after photoexcitation ev- 
idence strong mid-IR absorption around 200 meV, in 
accordance with intra-excitonic transitions of strongly- 
bound e-h pairs in semiconducting nanotubes. The ab- 
sorption cross section of 4 • 10~ 15 cm 2 agrees closely with 
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FIG. 1: (Color online) (a) Two-particle e-h pair dispersion, 
illustrating exciton bands and Is— >-2p intra-excitonic transi- 
tions (arrows), (b) PL spectra of the sample under resonant 
E22 excitation. Inset: Near-IR absorbance after subtracting 
background scattering. 
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calculations of quasi-lD intra-excitonic ls-2p dipole tran- 
sitions presented here. The excitation-wavelength depen- 
dence and kinetics further underscore the excitonic ori- 
gin of the mid-IR response, and its intensity dependence 
scales quantitatively with a model of phase-space filling 
expected for quasi-lD excitons. This intra-excitonic ab- 
sorption represents a sensitive tool to probe correlated 
e-h pairs in SWNTs, unhindered by interband dipole or 
momentum restrictions. 

Ultrafast spectroscopy was carried out in transmis- 
sion using widely tunable femtosecond (fs) pulses in the 
mid-IR and visible range. Two near-IR optical para- 
metric amplifiers (OPAs) were pumped by a 1-kHz, 28- 
fs Ti: sapphire amplifier. Resonant and off-resonant in- 
terband excitation was achieved using the frequency- 
doubled OPA or a fraction of the fundamental. The out- 
put of the second OPA was difference-frequency mixed in 
GaSe to generate wlOO fs mid-IR probe pulses tunable 
from 4-12 /j,m 17] . We study individually separated Co- 
Mo-catalyst grown SWNTs of mainly (6,5) and (7,5) chi- 
ralities [18| embedded in 50-/^m thick polyethylene (PE). 
Importantly, PE ensures transparency throughout our 
mid-IR probe range, except for a narrow CH-bend vi- 
bration at 178 meV. The films were fabricated by dry- 
ing PE solutions in decalin mixed with micelle-dispersed 
SWNTs, after transferring SWNTs suspended in H 2 
with NaDDBS to the PE solution via ultrasound and 
thermal treatments. In Fig. [U(b), the sample's photo- 
luminescence (PL) spectra for resonant (6,5) and (7,5) 
E22 excitation clearly exhibit the distinct En emission 
of these individualized SWNT chiralities, with only weak 
emission from bundled tubes around 1160 nm UM- The 
absorption spectrum [inset, Fig. [U(b)] also exhibits the 
distinct En and E22 absorption peaks. 

Ultrafast spectrally-resolved mid-IR transmission 
changes AT/T are shown in Fig. [2] for different time de- 
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FIG. 2: (Color online) (a)-(d) Ultrafast spectrally-resolved 
mid-IR transmission changes after 800 nm excitation for four 
different delays At as indicated. Inset: normalized dynamics 
of the mid-IR transmission probed at 4.4 /tm wavelength. 
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FIG. 3: (Color online) (a) Pump wavelength dependence on 
and off-resonant to the (6,5) and (7,5) E22 transitions. Traces 
are offset for clarity, and measured at 4.4 fim with 260 pJ/cm 2 
excitation fluence. (b) PL-excitation spectrum for fixed En 
emission at 1012 nm. (c) Normalized mid-IR dynamics (dots) 
after 572 nm excitation. Thick line: En transmission change, 
scaled to the mid-IR signal at long delays. Dashed line: bi- 
molecular decay [AT| cc (1 + 7 t)~ 1 with 7 = 1.5 ps -1 . 



lays At after 800 nm photoexcitation at room tempera- 
ture. A strong photo-induced absorption appears within 
the time resolution after photoexcitation [Fig. EJb), At 
= 200 fs] and decays on a ps timescale [Fig. [2jc)-(d)] . 
The transient spectra are characterized by a broadly slop- 
ing, asymmetric resonance around 200 meV, with a step- 
like onset above 160 meV. This mid-IR resonance oc- 
curs in the transparent region far below the lowest in- 
terband exciton (En ~ 1.2 eV) and intersubband tran- 
sitions (E22 — En > 0.6eV). The peak energy is close to 
the (6,5) and (7,5) ls-2p energy splitting in two-photon 
luminescence studies and calculations 0,1, H^. Thus, 
we associate this absorption with intra-excitonic transi- 
tions between Is and 2p exciton levels of opposite parity. 
Both dipole-allowed and optically-dark Is excitons can 
fundamentally contribute to this response. The dynam- 
ics exhibits a pulse-width limited rise of the photoinduced 
mid-IR absorption (inset, Fig. [2]), which indicates rapid 
exciton formation. 

We should comment on the asymmetric line shape ob- 
served in Fig. 2. The observed rapid onset and asym- 
metry point to a predominantly inhomogeneous broaden- 
ing, resulting in a large ~100 meV line width composed 
of multiple transitions, which matches well with similar 



3 



spectral features in two-photon PL experiments 0, 0]. 
We attribute the higher-energy tail to intra-excitonic 
transitions from the Is into higher-lying np bound states 
and into the broad continuum of unbound pairs, consis- 
tent with the asymmetric intra-excitonic spectra of quasi- 
2D e-h pairs Q. Note that a much narrower peak seems 
to exist around 170 meV which we assign as an artifact 



21]. Low-energy absorption is also observed below 160 
meV which can arise e.g. from fluctuations of the dielec- 
tric environment around the nanotube and other chiral 



tube species [22 1. 



To further substantiate the nature of the response, 
Fig. |3ja) shows the excitation wavelength dependence. 
Resonant photoexcitation of the (6,5) and (7,5) interband 
E22 transitions, at 572 nm and 697 nm respectively, leads 
to significant enhancement of the transient mid-IR ab- 
sorption. The amplitude closely tracks the PL-excitation 
spectrum [Fig. [3(b)], which clearly underscores the tube- 
specific origin of the transient mid-IR response. This con- 
clusion is further supported by the disappearance of the 
photoinduced signal for excitation below the En tran- 
sition [1250 nm, Fig. 131(a)] . Hence, the observed photo- 
induced absorption arises from intra-excitonic transitions 
of (6,5) and (7,5) SWNTs. The mid-IR dynamics af- 
ter (6,5) E22 excitation is shown in Fig. [3fc) on an ex- 
tended timescale, revealing a strongly non-exponential 
decay [dots, Fig. [3Jc)] over several 10 ps. The dynam- 
ics closely follows the En exciton bleaching [solid line, 
Fig. [3(c)], confirming that the mid-IR signals originate 
from excitations in the En manifold. Thermal broaden- 
ing UbT ~ 26 meV at 300 K entails comparable occu- 
pation of dark and bright excitons (split by ~ 10 meV), 
which enables this comparison. The decay has a bimolec- 
ular shape [dashed line, Fig 3(c)], similar to the fs kinet- 
ics of excitons in individualized SWNT suspensions ex- 
plained by exciton-exciton annihilation Q , which further 
underscores the excitonic origin of the mid-IR response. 

The mid-IR transmission changes can be used to es- 
timate the absorption cross section crj^ fl of the intra- 
excitonic transition, whose dipole is oriented parallel to 
the SWNT axis. It is defined as o - ]^^ — 3 ln(l - 
AT/T)/n exc , where AT is the initial transmission 
change and n exc the photoexcited density. The factor 
3 accounts for the random SWNT orientation. Consid- 
ering (6,5) E22 resonant excitation in Fig. [3(a) one has 
AT/T «1.7% and n exc = (F/hu)x1n(W)A = 1.2 x 10 13 
cm" 2 , given F = 260 ^J/cm 2 and A ~ 0.007 [inset, 
Fig. [1(b)]. This yields the experimentally-derived value 
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For comparison, we calculate the intra-excitonic ls-2p 
cross section based on a model of Wannier-like excitons 
in SWNTs. The normalized Is and 2p wavefunctions of 
Coulomb-bound e-h pairs on a cylindrical surface are 23] 
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FIG. 4: (Color online) (a) Squared wavefunction amplitude 
\ipis(x)\ 2 compared to the (6,5) SWNT scale (left), and bare 
Is and 2p wavefunctions (right), (b) pump fluence depen- 
dence of the initial mid-IR transmission change (dots) after 
resonant (6,5) E22 excitation. Solid line: model explained in 
the text, dashed line: linear scaling (guide to the eyes). 
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where x measures the distance along the nanotube axis 
and a* B — Aiteeoh 2 / fie 2 is the effective 3D Bohr radius 
with reduced mass fi and permittivity e. Furthermore, 
U is Rummer's confluent hypergeometric function of the 
second kind and B\ s = 2 J °° y 2 e~ y [U(l — cti s , 2, y)} 2 dy 
is a normalization constant. The binding energies are 
Eis = -RyVKs) 2 and E 2p = -Ry*, where Ry* = 
h 2 /(2fj,a* B 2 ) is the 3D effective Rydberg energy. Also, cti s 
is a scaling parameter that depends on the SWNT nan- 
otube radius tnt via ln(ai s ) — ~$f(l — a± s ) — (2ai s ) _1 = 
ln(r-NT) — 2\P(1) where \& is the digamma function [23| . 
For the (6,5) and (7,5) SWNTs studied here, we have 
tnt — 0.4 nm which entails a\ s = 0.33, and \i ~ 
0.067 from interpolated carrier effective masses [24|. The 
scale and shape of the resulting exciton wavefunctions 
are shown in Fig. |4ja). For this, the permittivity which 
depends on the local dielectric environment was ad- 
justed to e = 6 to reproduce the intra-excitonic splitting 
E2 P — Ei s — 0.2 eV from the experiment, which corre- 
sponds to a binding energy of 233 meV. 
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With the above, we obtain the \s-2p intra-excitonic 
oscillator strength of quasi- ID excitons in SWNTs 
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For our specific parameters, f\ s ^2p = 0.41. Transitions 
into higher bound np levels (n > 2) were also calculated 
but are very weak and add less than 15% in spectral 
weight. The spectrally-integrated absorption cross sec- 
tion is then determined as cr}" , i^ 2p = 27r 2 e 2 /(47reo l^cn) x 
/is^2p = 4.4 x 1CP 13 cm 2 meV, where n = 1.5 is the poly- 
mer refractive index. Spreading this absorption across 
sslOO meV results in an estimated ls-2p intra-excitonic 
cross section of <j\ s ^2p — 4.4 x 10~ 15 cm 2 , in very close 
agreement with our experiment. Full modeling of the 
asymmetric mid-IR intra-excitonic line shape in Fig. 2 is 
beyond the scope of the Wannier-exciton model. How- 
ever, the above illustrates a general consistency between 
the observed mid-IR signal amplitude and the quasi- ID 
ls-2p intra-excitonic cross section, motivating more so- 
phisticated theory to calculate bound-bound and bound- 
continuum spectra with chirality-specific SWNT wave 
functions. 

The transient mid-IR absorption represents a strong 
oscillator comparable to the interband absorption. In the 
photoexcited state, this low-energy oscillator strength is 
derived via transfer from the interband exciton peaks, 
i.e. from En bleaching 1(1 U|. As plotted in Fig. HJb), 
with increasing excitation fluence, the mid-IR amplitude 
\AT/T\ exhibits a distinctly nonlinear behavior. This 
finding is well described by a saturation model AT oc 
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-F/F. 



shown as the solid line in Fig. |4|b) for F$ 



170 /iJ/cm . This corresponds to a ID saturation density 
n s = CT22 F s /TujJ, where er 2 f is the effective E22 absorp- 
tion cross section per unit nanotube length. The cross 
section of (6,5) SWNTs was recently found to be cr 22 ~ 
85 nm 2 //im for light polarized parallel to the nanotube 
axis, such that c 2 f = 1/3 x cr 22 [25j]. This yields from 
our experiment a saturation density ns = 1.4 x 10 6 cm -1 
corresponding to an average exciton spacing dxx ~ 7 
nm. The value is close to the saturation density extrap- 
olated from En interband bleaching at lower densities 
[llj . while surpassing the saturation of time-averaged 



PL by more than an order of magnitude 12]. The dif- 
ference occurs since PL depends on density-dependent 
decay times that saturate at lower densities, while our 
study detects the initial pair density. For comparison, 
we consider phase-space filling (PSF), i.e. the increasing 
occupation of the constituent Fermion states of the ex- 
citon many-particle wavefunction [26[. The PSF density 
is given by iV^ SF = L / [J2 k ipk\ipk\ 2 /*P(x = 0)], where 
ipk are the Fourier coefficients of the exciton wavefunc- 



tion tJj(x), and L is the normalization length [Til I26I \2l\. 
For our quasi-lD Is exciton wavefunction [Fig.[4ja)] this 
yields Ng SF — 2.5 x 10 6 cm -1 . Hence, the mid-IR re- 
sponse approaches yet remains somewhat below the limit 
imposed by phase space filling. 

In conclusion, intra-excitonic transitions are both 
a direct consequence and a measure of e-h correla- 
tions. Our experiments provide new insights into the 
chirality-specific femtosecond mid-IR response of elec- 
tronic excitations in individually separated SWNTs. A 
photo-induced absorption around 200 meV was observed, 
manifesting quasi-lD intra-excitonic transitions in close 
agreement with the calculated ls-2p oscillator strength. 
The (6,5)/(7,5) chirality-specific enhancement and non- 
exponential kinetics of the transient mid-IR absorption 
further underscores its excitonic origin. We believe 
that the mid-IR probe, extended e.g. into the low- 
temperature or low-density limit, will provide a versa- 
tile spectroscopic tool to investigate bound quasi-lD e-h 
pairs and their internal electronic structure independent 
of interband symmetry. 
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